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GSFCGSFC

The vertical dimension:
The Geoscience Laser Altimeter System – 2003

Aerosol and Cloud Laser Measurements from Space

J. Spinhirne/ NASA GSFC

• Early space lidar
• Start of Diode pumped laser era:

• MOLA & SLA
• Recent space lidar missions:

• Example measurements of:
• Ice sheets, ice processes, trees
• The moon, Mercury

• Applications for the future
• Imaging lidar
• Greenhouse gas measurements

• Summary

Outline:
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GODdard LASer (GODLAS)

Ground-based Satellite Laser Ranging (SLR):
 NASA- Goddard, October, 1964

BE-B: first satellite
with retro-reflectors

Code 524 SLR Team
Dr. Henry Plotkin

Tom Johnson
Paul Spadin
John Moye

Walt Carrion
Nelson McAvoy
Howard Genatt
Louis Caudill
John Degnan

Ed Reid
Charles Peruso
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GSFCGSFCFirst Lidar in Space (1971) Apollo Laser Altimeters
(Lunar orbit)

RCA Aerospace built flash lamp
pumped, mechanically Q-switched
ruby lasers for Apollos 15, 16 & 17

http://www.nasm.si.edu/collections/imagery/apollo/AS15/a15los.htm 
http://www.lpi.usra.edu/expmoon/Apollo17/A17_orbsci.html
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First Space Lidar: Apollo Laser Altimeter (1971)

Laser transmitter:

• Mechanically Q- switched

ruby laser

• Flashlamp pumped

• Based on mil-qualified

rangefinder for tank

• 0.05 Hz laser firing rate

• RCA Astronautics

• Flown on Apollo 15-17
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GSFCLITE Experiment on Space Shuttle (1994, LaRC)
Earth Orbit

GSFCGSFC

• The LITE instrument was flown aboard Space Shuttle
Discovery on mission STS-64 in September 1994.
 • Three measurement wavelengths: 355, 532, and 1064 nm.
• During its 11-day operation LITE accumulated 53 h of 10-sec
averaged backscatter profiles within a few degrees of nadir
• First lidar profiles of the Earth’s atmosphere from space !



April 5,  2011 NASA’s Space Lidar - 2011 IEEE Photonics Society Meeting jba -  7

GSFC

LITE Laser & measurement example
Flashlamp-pumped
Water-cooled
Pressurized canister

GSFCGSFC
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GSFCGSFCMars Orbiter Laser Altimeter (1996, GSFC)
(initially on Mars Observer Mission, launched  Sept., 1992)

MGS Launched Nov. 7, 1996
Operated around Mars until 2006.
Was in circular polar orbit around Mars
400km altitude,110 minute orbit period.

MGS 
spacecraft
(JPL)

Laser
RangeSpacecraft

Radial
Orbit

Planetary
RadiusPlanetary

Center of
Mass

• Radial orbit quality depends on gravity field,
atmospheric drag, solar radiation pressure,
spacecraft maneuvers.

• Range accuracy depends on pulse timing
resolution, surface roughness,
off-nadir angle, atmospheric refraction.

• MOLA measured pulse spreading and echo pulse
energy;  permit estimates of pulse spreading,
surface reflectivity and atmospheric extinction

Radial
orbit

    Measurement Approach
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GSFCMars Observer Laser Altimeter (MOLA)

Laser Transmitter:
McDonnell Douglas Electronics Systems Division
Q-switched Diode-Pumped ND:YAG laser
“Power oscillator” (single stage, zig-zag slab)
Based on airborne target designator design
10 Hz, 40 mJ/pulse, 8 nsec pulse width
400 urad, multimode spatial pattern
In-vacuum operation

GSFCGSFC

Telescope:
Space FTIR spectrometer (Voyager IRIS)

Detector:
Si Avalanche Photodiode
Perkin Elmer Opto-electronics (then RCA)
Analog Detection
QE~30%, Gain ~150
Min detect. signal ~230 photons

Laser’s AlGaAs laser diode pump arrays:
• ~x5 improved laser efficiency (no water cooling)
• ~x100 to x200  improved  lifetime
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MOLA Instrument & Mapping Parameters

 Laser Wavelength: 1064 ± 0.2 nm

 Laser Pulsewidth: 8 nsec

 Pulse energy (start of mapping): 48 mJ

 Pulse repetition frequency: 10 Hz

 Range resolution: 38 cm

 Return pulses detected: ~99%

 Maximum range (hardware limit): 786 km

 Surface spot size in mapping orbit: ~168 m

 Along-track shot spacing: ~330 m

 Vertical accuracy ( radial orbit error): <1 m

 Number of laser firings: 671,121,600

 Operated in lidar & radiometer modes

David Smith, NASA Goddard, PI;  Maria Zuber, Deputy PI
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MOLA Measurements

Po
To

TrL

Pr

= Transmitted pulse time
= Transmitted pulse power
= Leading edge received pulse time

= Received pulse power
TrT = Trailing edge received pulse time

Range -> Elevation
Pulsewidth -> Surface roughness
Received/Transmitted Pulse Energy ->Surface reflectivity

Time

Transmitted
Pulse

Received
Pulse

Range Gate

Optical and
Electronic

Noise

Detection
Threshold

!T
Travel Time

Range z = c !T
z
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Optical
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Aharonson et al. [1998]

Olympus Mons
Aureole from

MOLA



•  MOLA was first multi-year space lidar investigation
• > 666 million measurements during the Mars Global Surveyor mission
• Hundreds of papers published on the results
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GSFCGSFCNEAR Laser Rangefinder (1998, JHU/APL)
(Asteroid 433 Eros)
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GSFCGSFCNear Laser Rangefinder (1998, APL)
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On-orbit operation
of SLA-01 during

STS-72.

• Acquired  waveforms from globally-distributed surfaces & vegetation
~3 million laser measurements per mission

• Demonstrated  laser altimeter geo-location techniques (~1.5 m radial)

    •    Demonstrated simultaneous estimation of orbit and pointing parameters

• Improved  waveform analysis techniques
– basis for  ICESat & DesdynI waveform processing & geolocation

Shuttle Laser Altimeter (1996, 1997)
Experiment Accomplishments
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GSFCGSFCShuttle Laser Altimeter (SLA-1 & SLA-2)
GSFC Shuttle Hitchhiker Experiment

Laser Altimeter Canister Altimeter Support Canister Laser Altimeter Canister
integration into HH canister

prior to SLA-01 Mission

Jack Bufton, Jim Garvin, Bryan Blair, David Harding and others …
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• A pathfinder for Earth science lidar/altimetry missions:
– SLA-01: Jan. 1996 flight, ± 28.5° orbit inclination, 80 hours operation

→ 1st orbital surface lidar (backscatter waveform digitizing)
→ assessed orbital SNR & instrument performance

– SLA-02: August 1997 flight, ± 57° orbit inclination, 80 hours operation
→ improved geographic coverage
→ improved electronics for echo waveform measurements

Shuttle Laser Altimeter (1996, 1997)
Shuttle Hitchhiker Experiments

Ground tracks for geolocated SLA-01 and -02 data sets.
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GSFCGSFCShuttle Laser Altimeter-2
Examples of echo pulses from vegetation
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GSFCGSFCCALIPSO Mission
Earth Orbit, Atmospheric Structure
NASA LaRC

Dave Winker and Zhaoyan Liu
NASA Langley, Hampton, VA

Calipso First light: 7 June 2006

Sun-synchronous orbit
Three co-aligned instruments:
CALIOP: polarization lidar

       - 70-meter footprint
       -  1/3 km footprint spacing
IIR: Imaging IR radiometer
WFC: Wide-Field Camera
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GSFCGSFCCALIOP First Light Observations
(all 3 channels)

June 9, 2006

D. Winker/ NASA LaRC
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Aug 17

Aug 18
Aug 19

Aug 20
Aug 21Aug 22

Aug 23

Aug 25
Aug 28

5 km
3 km

(Z. Liu et al., JGR 2008)
D. Winker/ NASA LaRC
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GSFC

Abdalati/NASA GSFCJ. Comiso NASA GSFC

Arctic Sea Ice Greenland Ice
Sheet

Antarctic Ice
sheet and sea ice

ICESat/GLAS

(GSFC/ Earth Orbit -
precision altimetry)

Focus - Lidar
measurements of
the Cryosphere
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GSFCGSFCICESat/GLAS  - Launch Feb 2003
 Measurement Approach
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ICESat & GLAS Instrument 

GLAS lidar 
(NASA-Goddard)

ICESat Spacecraft
(Ball Aerospace)

GPS antennas
JPL GPS receivers:
Precision orbital position 
Precise time 

Star trackers

Laser Beams
(1064 & 532 nm)
toward Nadir
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GSFCGSFCGLAS - Lasers & Detectors

Emitted Laser Pulse (1064 & 532 nm)

Reflected Laser
Pulse (532 nm)

Altimeter Detectors (2)

Lidar
Detectors (8)

Lasers (3)

Telescope
Sun Shade

Main
Mirror (1m)

Secondary
Mirror

1
2

3

1064 nm Si APD detector
1 GHz rate waveform recorder

532 nm photon counting detectors
Photon counting/histogramming

IST and LRS
 (star cameras)
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No
ChangeThinning Thickening

Greenland Elevation Changes Since 2003

Zwally et al.,
Preliminary
Results

Airborne
lidar
mapping,
Krabill et al.

Lidar used to monitor thinning of Greenland ice, and
height (-> flow rates) of major ice streams
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2.4cm “roughness*” on
flat lake surface
(GLAS residual
ranging error)

Altimetry Resolution:
Ice elevations above Lake Vostok, Antarctica

On orbit measurements match pre-launch
testing. Original Requirement < 10 cm.

John DiMarzio, et al.ICESat map of Antarctica

Note
Repeatability of
measurements

ICESat elevation height & rms deviation across
icesheet above Lake Vostok.

Rms value of  < 2.5 cm for individual elevation
measurements is GLAS range precision.

C. Shuman et al

2.5 m 5 cm
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GSFCGSFCAntarctica - Ross Ice Shelf Elevations from
ICESat (one operating campaign)

NASA’s Space Lidar - 2011 IEEE Photonics Society Meeting jba -  29

ICESat
elevation
profiles
overlayed on
MODIS
Image

Ice
streams
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Kamb Ice Stream

Whillans Ice Stream

Rate of elevation
change for the
West Antarctic ice
sheet from analysis
of ICESat tracks,
repeated by
spacecraft pointing

Feb-March, 2005
Feb-March, 2006

Example of measuring elevation change rate of
West Antarctic Ice Sheet  (B. Smith)

Elevation change (m
/year)

Ice Streams

100 km
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Conway
Ridge

Engelhardt
Ridge

Whillans Ice Stream (B)

Mercer Ice Stream (A)

MOA (NSIDC)

Elevation range 2003-06 (m)

    0                               9m

Subglacial Lake Mercer

Subglacial Lake Whillans

Subglacial Lake Engelhardt
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Active lakes under ice streams
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ICESat/GLAS Lidar Coverage

ICESat Laser 2a Global Elevations: 9/25 to 11/19/03 (~45 days)

ICESat/GLAS total lidar observations: 1.98 Billion (13 times denser)
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GLAS Measurement of Echo pulse fromGLAS Measurement of Echo pulse from  TreesTrees
M

ax C
anopy H

eight
C

row
n D

epth

~ 80 m diameter laser footprint
spaced 175 m apart along ground track

Amplitude (volts)

Tim
e (nsec)

Outer Canopy Relief

Ground Relief

Transmit Pulse

Threshold

1064 nm, 7 nsec laser pulse

average detected elevation
(alternate “land” elevation)

Height Distribution of Reflected Laser power with 15 cm Vertical Sampling

highest detected elevation

lowest detected elevation

Echo Pulse

Harding/NASA- GSFC
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GSFCGSFCGlobal Forest Canopy Height Map
from ICESat/GLAS (M. Lefsky, GRL, 2010)
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GRL
Special Issues on ICESat

Overview and Some results from ICESat/GLAS

http://www.agu.org/journals/ss/ICESAT1/

Available at:
http://icesat.gsfc.nasa.gov/
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Divergence 64 µrad
Circularity 0.872

GLAS laser was designed and built at GSFC
following MOLA.

• To meet the systems requirement, a MOPA
architecture was chosen.

• master oscillator (~2.2 mJ)
• pre-amplifier (~10X -> ~22 mJ)
• power amplifier (~5X -> ~110 mJ).

• Cr4+:YAG passive Q-switch
• LBO for frequency doubling
• 6X achromatic telescope to meet beam

divergence requirement

Oscillator

M M
S

Q
P P

T

T

W

M

R

D = Diode Pump
DP = Dove Prism
M = Mirror
P = Polarizer
PP = Porro Prism
2x = Doubler

M

Power Amplifier

Q = Q-switch
R = Faraday Rotator
S = Nd:YAG zig-zag slab
T = 2x Telescope
W = Waveplate
6x = 6x Beam Expander

S

2x

P

Preamplifier
D P

S
PP

W

Output

MM

6x

GLAS Laser Approach:
was adapted to other missions
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GSFCGSFCLunar Reconnaissance Orbiter (LRO) and LOLA
GSFC/ Lunar Orbit

• LOLA is one of the 7 payload
instruments on LRO

• Objectives are to measure lunar
surface topography and to
establish a global lunar geodetic
coordinate system.

� � � �

Smith et al., Space Science Reviews, 2010�
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LOLA - 1st Multi-beam Space Lidar

• Use of a diffractive optical elements (DOE)
to split the laser to illuminate five spots on
ground

• Use of an optical fiber array to direct each
spot into a separate receiver channel

• Make five measurements from a single laser
shot to give range, slope and direction

DOE and the optical fiber array

Each fiber couples to a separate Si
APD detector

S/C Velocity 26 o


 � �
Shot N+1

Shot N
� � �
	 � � �

Shot N-1

Fiber
Pattern at
telescope
focal plane
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Lunar Topography Map From LOLA Measurements

Equal-Area projection of lunar topography developed from1 billion LOLA measurements
Resolution: N/S ~20m; E/W ~0.1 deg (4.5km at equator, 200m at >85 Lat)
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LOLA - Recent Results
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GSFCGSFCMESSENGER Spacecraft & Science Payloads
(JHU/APL, Mercury Orbit)

• The first spacecraft to orbit Mercury

• Developed by JHU/APL, under
NASA’s Discovery Program

• Launched on 8/3/2004 from KSC

• Mercury orbit insertion: March 2011

Magnetometer

Energetic
particles
spectrometer

Neutron
spectrometer

Atmosphere
and surface

spectrometer

Gamma ray
spectrometer

Laser Altimeter
(NASA GSFC)

Plasma
spectrometer

Dual imaging
(wide and
narrow angle)
system

X-ray
spectrometer

MESSENGER - MErcury Surface, Space ENvironment, GEochemestry, and Ranging
MLA – Mercury Laser Altimeter
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Messenger Laser Altimeter (MLA)

Laser pulse energy 20 mJ
Pulse rate 8 Hz

Pulse width 6 ns FWHM
Wavelength 1064.30 ±0.05 nm
Beam divergence 80 µrad (TEM00)

Receiver aperture 11.5 cm diameter, X4
Receiver field of view 400 µrad
Receiver optics transmission 77%
Receiver optical bandwidth 0.7 nm FWHM
Detector quantum efficiency >35%

Receiver dark noise equivalent
power (NEP)

200 pW
(over 33 MHz Noise BW)

Receiver timing electronics 6 channel event timers

Receiver timing accuracy <1 ns
Operation duty cycle
and lifetime

30 min/12 hour orbit, for 365
earth days

Data rate while in operation 2.4 kbits/s
Weight 7.4 kg
Size 30x30x30 cm
Electrical power consumption
while in operation

23 W

Electro-Optics & timing
electronics assembly

2 stage
laser

transmitter
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MESSENGER Orbit Trajectory and Timeline

Planetary flybys:
- Earth, July 2005
  2-way laser ranging
  over 24 million km

-Venus-1, Oct. 2006
  Instrument off due to
   solar conjunction

-Venus-2, June 2007
  Attempted to range to
  Venus cloud decks

-Mercury-1, Jan. 2008
 First successful laser
 ranging to Mercury

-Mercury-2, Oct. 2008
 Second successful
 laser ranging to
 Mercury

-Mercury-3, Sept. 2009
 To repeat laser ranging
 to Mercury
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Mercury Flyby on Jan. 14, 2008

MLA was pointed
to Mercury for
about 10 minutes
about the closest
approach
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2nd Mercury Flyby on Oct. 6, 2008

Mercury surface
elevation profile
measured by
MLA during the
second flyby.

Elevation profile
measured by MLA
superimposed on
the MESSENGER
Narrow Angle
Camera (NAC)
mosaic.
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GSFCGSFCMLA- 1st two Measurements in Mercury Orbit
(will be making 2 profiles/day)

Measured Last week !
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GSFCGSFCSpace Lidar History to date
(LITE & SLA experiments not shown)

MESSENGER/MLA -
Mercury
NASA GSFC (2004-2012)
Nd:YAG laser,
12M shots (planned)

Apollo, - Moon
NASA  (1971-1972)
Ruby laser, 
5,000 shots

Clementine - Moon
LLNL/NRL (1994)
Nd:YAG laser, 
~72,000 shots

NEAR/NLR - Eros
JHU/APL (96-2001)
Nd:YAG laser,
11 Million shots

MGS/MOLA - Mars
NASA GSFC (1992,
1996 -2000)
Nd:YAG laser,
670 Million shots

LRO/LOLA - Moon
NASA GSFC (2008-now)
Nd:YAG laser,
>1 Billion shots

ICESat/GLAS - Earth
NASA GSFC (2003-2009)
3 Nd:YAG lasers
1.98 Billion shots

Chang’E - Moon
China (2007-present)
Nd:YAG laser

SELENE/LALT - Moon
Japan (2007-present)
Nd:YAG laser,

jba 47

 (2003-2009)

CALIPSO/CALIOP  - Earth
NASA LaRC/ Ball Aerospace
(2006-present)
2 Nd:YAG lasers,
> 2B shots to date

Green:
Operating Now
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US National Research Council 2007

NASA’s Charter &
Roadmap

for
New Earth Science

Orbital Missions

6 new lidar-based missions
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DESDynI lidar
InSAR +
5-Beam

Profiles analog

ICESat
Single Beam

Profiler

Earth Science Surface Lidar Mission Evolution

NRC Earth Science Decadal Survey Missions

2005 2010 2015 2020 2025

Ice Bridge
(ice)

& LVIS (trees)
Airborne Swath

Mapping

ICESat-2
6-Beam
Profiles
532 nm

NASA Earth Science Topographic Lidar Mission Plans

LIST global
topography
1000 beams
1 um Photon

counting

ASCENDS
(Atm CO2 concentrations)
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Lidar Surface Topography Mission (LIST)

canopy
structure

ground
topography

“Swath Imaging” Lidar:
• 5 m pixels   1000 Parallel beams
• Echo pulse resolved   10 cm vertical resolution

D. Harding
 NASA Goddard

ground
topography

ground
topography

ground

            Approach studied:
• Lidar Pushbroom
• Efficient short pulse laser
• Very sensitive detector array
• Low power digitizers
• Airborne demonstration (16 chan)
 (being developed)
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GSFCGSFCASCENDS Mission & Laser Sounder Approach
Earth Orbit, Column CO2 concentration 

Simultaneous laser measurements:

1. CO2 lower tropospheric column
One line near 1572 nm

2. O2 total column (surface pressure)
Measure 2 lines near 765 nm

3. Altimetry & atmospheric
backscatter profile from CO2 signal:

~450 km polar orbit

CO2: 1572 nm

O2: 765 nm

     Measurements use:
• Single frequency tunable pulsed lasers

• 8-10 KHZ pulse rates

•Time gated Photon counting receiver

• High SNRs (~ 1000 in 10 sec)

Planned Launch
Date: 2019
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• Started 40 years ago
• Dramatic progress since the early 1990s
• Enabled new geophysical science & discoveries !

10 missions:
3 operating now

Summary
Space Lidar Missions as of 2011

4




